We have determined the high-pressure crystal structure of formic acid, including the positions of the hydrogen atoms, using a combination of single-crystal x-ray diffraction techniques and ab initio density functional calculations. The molecules are arranged in infinite hydrogen-bonded chains which adopt a structural conformation that is distinctly different from that of the low-temperature form. In the highpressure structure the molecules, which lie on symmetrically flat planes, adopt both the cis and trans conformations while in the low-temperature structure only trans molecules are formed. The molecules in the high-pressure structure are also oriented so that only relatively modest structural changes would be required to produce dimers, or a hydrogen-bonded molecular network, at higher pressure.
Formic acid (HCOOH) and acetic acid (CH 3 COOH) are unique among the monocarboxylic acid series in that they form low-temperature crystal structures which are characterized by infinite hydrogen-bonded chains of molecules. All of the other, larger, molecules in the series form isolated dimer pairs linked by relatively weak intermolecular bonding. Both formic acid and acetic acid crystallize in the Pna2 1 space group at temperatures of 8 and 16 ± C, respectively, with remarkably similar conformations of the carboxyl groups within the chains-the structures being essentially identical except, of course, for the methyl group in acetic acid. Although the mechanism for molecular chain formation in these two acids is of fundamental importance for the understanding of the behavior of hydrogen bonding in simple molecular systems, there has been extremely little work conducted on these acids at high pressure-where it may be expected that dimer formation could occur.
For formic acid, Shimizu [1] has conducted a highpressure Raman scattering study on the deuterated form (DCOOD) up to 10 GPa at 27 ± C. The results of this study show that the O -D and C --O stretching modes decrease strongly with increasing pressure, and it was concluded that this softening was due to the increasing strength of the hydrogen bonds in the planar chains. A phase transition was also observed at a pressure of 4.5 GPa, and it was proposed that the mechanism for this transition was a conformational change from cis to trans as the strengthening interaction between neighboring hydrogens was expected to favor the trans conformer. However, this interpretation was based on the initial ͑P , 4.5 GPa͒ structure being the same as that of the low-temperature form.
Here we present the high-pressure crystal structure of formic acid, including the positions of the hydrogen atoms, which has been solved using a combination of single-crystal x-ray diffraction techniques and ab initio calculations. We find that, contrary to the behavior expected by the high-pressure Raman study of Shimizu [1] , the high-pressure crystal structure is quite different from that formed at low temperature. Apart from the arrangement of the molecules onto symmetrically flat layers, perhaps the most striking feature of the highpressure structure is that the linear hydrogen-bonded chains of molecules are composed of both cis and trans molecular conformers. These molecules are arranged in pairs so that "near dimers" are created between adjacent molecules in the same chain-though the required bond lengths for "true dimer" formation are significantly shorter than those observed. We anticipate that the transition at 4.5 GPa is due to the creation of bonds either between these neighboring molecules so that dimers are created or between adjacent chains so that a hydrogen-bonded network is formed.
Experimental.-Liquid formic acid was loaded and pressurized in a Merrill-Bassett diamond-anvil cell [2] which had been equipped with 600 mm culet diamonds and a tungsten gasket. After the nucleation of many crystallites the temperature was cycled close to the melting curve, in order to reduce the number of crystallites, in a manner similar to Ref. [3] . Finally, a single crystal was obtained at 0.8(1) GPa that entirely filled the 250 mm gasket hole.
The setting angles of 25 strong reflections were determined on an Enraf-Nonius CAD4 diffractometer (equipped with a Mo x-ray tube), and a least-squares fit gave the orthorhombic unit-cell parameters to be a 5.6931͑11͒ Å, b 7.492͑3͒ Å, and c 8.8013͑19͒ Å with a volume V 375.4͑3͒ Å 3 . Comparing the unit-cell volume of the high-pressure phase with that of the low-temperature phase [4] , we expect eight molecules in the unit cell in the highpressure phase.
Intensity data were collected with the v-scan method at the position of least attenuation of the pressure cell, according to the fixed-f technique [5] . All accessible reflections were measured in the shell 6h, 6k, 6l for 0 , sinu͞l , 0.71 Å 21 . The intensities were corrected for absorption and then used for structure solution by direct methods [6] . The systematic absences of the reflections indicated that the structure had the Pnma space group and trial solutions were attempted in this symmetry. The final model was refined using the RFINE90 suite of programs [7] , after averaging the reflections over symmetry equivalents, and the final structural parameters to the fit [(weighted residual) Rw 0.12, (goodness of fit) GoF 1.65 for 310 reflections] are presented in Table I .
Theoretical.-From the single-crystal x-ray diffraction results a reliable model has been determined for the molecular arrangement in the structure. However, to fully examine the nature of the bonding, the hydrogens need to be located. As the data were of insufficient quality to allow the hydrogen positions to be determined directly, a series of ab initio density functional calculations [8] within the generalized gradient approximation [9] for the exchange and correlation interactions was performed. The electron-ion interactions were described using Q c -tuned [10] pseudopotentials in the Kleinman-Bylander [11] form. The wave function of the valence electrons was expanded in a plane-wave basis set up to a kinetic energy cutoff of 700 eV which converged the total energy of the system to better than 1.0 meV͞unit cell. Brillouin zone integrations were performed using the Monkhorst-Pack k-point sampling scheme [12] with k-point grids for each cell considered dense enough to also converge total energies to 1.0 meV͞cell. A preconditioned conjugate gradient routine was used to minimize the total energy of the system. The atomic positions within the unit cell were also optimized using conjugate gradients to minimize the force on each atom. The ab initio stresses on the unit cell were calculated, which includes a term for an applied external pressure, and were used to optimize the geometry of the unit cell. Since changes in the unit cell alter the wavelength of the basis functions a correction term [13] was added to maintain a constant-plane-wave energy cutoff.
Results and Discussion.-The full structure, including the positions of the hydrogen atoms, is shown in Fig. 1 and the coordinates are given in Table I . The fully relaxed ab initio lattice parameters were found to be a 5.671 Å, b 7.452 Å, and c 8.792 Å which agree well with the x-ray diffraction results above. It can be seen that the molecules form symmetrically coplanar linear hydrogen-bonded chains, parallel to the c axis, consistent with the formation of one hydrogen bond per molecule. The molecules have alternately cis and trans geometries along each chain and between neighboring pairs of molecules, on the same chain, "near" dimers are formed.
The bond lengths of both the cis and trans molecules are presented in Table II . It is apparent that both the independent molecules in the high pressure structure have very similar geometries: The C -O and C --O bond lengths are 1.224 and 1.137 Å for the cis form and 1.216 and 1.140 Å for the trans form; the O -C --O bond angles are 121.4
± and 125.3 ± for the cis and trans forms respectively. Using a similar ab initio method to the bulk calculations, we have calculated the structure of both the trans and cis forms of the gas phase formic acid molecule. The difference in energy of these two forms is very small (0.014 eV͞molecule), indicating that there is practically no energy expenditure required to have either 1.003
form of the molecule in the solid. As anticipated, the bond lengths are smaller than those of the trans molecules in the low-temperature structure, which are 1.36 and 1.21 Å for C -O and C --O, respectively, while the O -C --O bond angles are comparable to the angle of 118.6 ± found in the low-temperature phase [4] . A full comparison is given in Table II . Both of the hydrogen bonds have similar bond lengths and bond angles as also shown in the table. In the low-temperature structure, however, the hydrogen bonds are more distorted from "ideal" co-linearity and the O -D · · · O bond angle is found to be 171.5
± from the neutron powder-diffraction study of Albaniti et al. [4] .
A comparison of the high-pressure and low-temperature structures of the linear monoalcohols methanol (CH 3 OH) and ethanol (C 2 H 5 OH), indicates that the deviation from co-linearity of the hydrogen bonds gives a measure of the strain present in the hydrogen-bonded chains of molecules [14, 15] . For the high-pressure structure of methanol, the O -H · · · O bond angles were found to range between 150.9 ± and 178.2 ± , and it was concluded that hydrogenbonded chains of molecules were highly strained relative to the low-temperature structures-which have hydrogen bond angles close to the ideal value of 180 ± . Conversely for ethanol it was found that the molecular chains in the high-pressure phase exhibited less strain than those in the low-temperature structure although the deviation from colinearity in the low-temperature (strained) structure was not as pronounced. Following the same arguments, it appears that the molecular chains in the high-pressure structure of formic acid show less strain than those in the low-temperature structure. We propose that the formation of both cis and trans conformers in the high-pressure structure is the major factor in the mediation of the strain.
Within each molecular layer, the chains are arranged so that the carbon atoms of each molecule are close to a hexagonal coordination with neighboring carbons, as indicated in Fig. 2 . The coordination distances range from 4.066 to 4.525 Å while the corresponding angles range from 116.4
± to 128.1 ± . As the molecules themselves do not support the symmetry required for a true close packed arrangement, the placement of the carbon atoms on this nearly ideal hexagonal array appears to be more directly related to the C -O -H bond angles which are 122.7 ± and 118.3
± for the cis and trans conformers, respectively. These bond angles, combined with the linearity of the hydrogen bonds, support an almost ideal hexagonal arrangement within each chain. This near-hexagonal repeat of the carbons is communicated throughout the layer by neighboring molecular chains packing in an interlocking manner, as also shown in Fig. 2 .
More significantly, however, pairs of cis and trans molecules within each chain are oriented in such a manner that near dimers are created. However, the distances between the oxygens, which would otherwise be involved in bonding, are too large for hydrogen bonding to occur. At 0.8 GPa these O · · · O distances are, experimentally, 3.286 and 3.129 Å, which are much larger than the observed hydrogen bond lengths. It is also apparent, from pressure will favor dimer formation, this nevertheless provides a significant impediment to dimer formation.
Finally, it is instructive to note that the structural differences between the low-temperature and high-pressure phases of acetic acid, though large, are much less significant than those in formic acid [16] . The high-pressure structure of acetic acid, which is stable at a pressure of only 0.2 GPa, has hydrogen bonded molecular chains which are essentially identical to the chains in the lowtemperature structure-both being composed of trans conformers. However, the high-pressure phase distinguishes itself by a relative reorientation of the chains so that a more efficient molecular packing is achieved. Given that such a modest pressure should lead to such a substantial change in the structure, we expect that acetic acid will exhibit a rich high-pressure behavior. As neither formic acid nor acetic acid have yet been found to show dimer formation at high pressure, it is now of considerable interest to investigate whether pressure will lead to the formation of molecular hydrogen-bonded chains in the larger monocarboxylic acids (such as acrylic acid and propionic acid) in preference to the dimers formed at low temperature.
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